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Abstract: A seriesof paracyclophanederivativesthathold chromophoresof varyingconjugationlengthshas
beensynthesizedusingpalladium-mediatedcouplingreactions.Thesemoleculesmimic solid-stateinteractions
in main-chainpolychromophoresandconjugatedemissivepolymerssuchaspoly(p� -phenylenevinylene)(PPV).
Theiropticalpropertiesgive insightinto theenergeticsof photoexcitationslocalizedin adiscretechromophore
relative to a state containing the through-spacedelocalized paracyclophanecore. Thus, 4-vinyl[2.2]-
paracyclophane(5) is obtainedby reactionof 4-bromo[2.2]paracyclophane(3) andethyleneusingPd(OAc)2
andP(o-tol)3. Similar reactionsstartingwith pseudo-o- or pseudo-p� -dibromo[2.2]paracyclophane(4a and4b,
respectively)give thepseudo-o- andpseudo-p� -divinyl products(6a and6b, respectively).Usingstyreneinstead
of ethyleneprovidesthe styryl-substitutedproducts. Thus,4-styryl[2.2]paracyclophane(7) is obtainedfrom
3 while pseudo-p� - and pseudo-o-distyryl[2.2]paracyclophane(1a and 1b) are obtainedfrom 4a and 4b,
respectively. Compounds1a and1b canbeviewedasstilbenedimersthathavea pair of cofacialareneunits
at a fixed distance. Pseudo-p� -bis(4-vinyl-styryl)[2.2]paracyclophane(9) was preparedby reactionof CH2-
PPh3 with pseudo-p� -bis(4-carboxaldehyde-styryl)[2.2]paracyclophane.Reacting4-(4-tert-butylstyryl)styrene
with 3

	
, 4a, or 4b underHeck-typeconditionsgives 4-[4-(4-tert-butylstyryl)styryl][2.2]paracyclophane(10)

andpseudo-p� - andpseudo-o-bis[4-(4-tert-butylstyryl)styryl][2.2]paracyclophane(2a and2b), respectively.The
observedtrendsin absorption,fluorescenceandradiativelifetimeof thesecompoundsarereportedandanalyzed
usingcollectiveelectronicoscillators(CEO)representingthechangesinducedin thereducedsingle-electronic
densitymatrix upon optical excitation. Comparisonof the CEO of the aggregateswith the corresponding
monomersusingtwo-dimensionalplotsprovidesanefficientmethodfor tracingtheorigin of thevariousoptical
transitionsby identifying the underlyingchangesin chargedensitiesand bond orders. For 5, 6a,b, 7, and
1a,b the emissionis red-shiftedfrom the “monomeric” compoundand featureless,reminiscentof excimer
qualities. The emissionsof 9, 10, and 2a,b



are similar to the “monomer” and display vibronic structure.

Thus, for the smallerchromophores,emissionoccursfrom a statecontainingthe through-spacedelocalized
paracyclophanecore. In thesituationwhereextendedchromophores,with morestableexcitedstates,areheld
togetherwith theparacyclophanecore,thephotophysicsof theindividualchromophoresdominates.Thepresent
analysisis relevantto the designandsynthesisof organicmoleculeswith desiredoptical properties.

Introduction

Theopticalresponseof chromophoreaggregatesprovidesan
important
�

tool in thestudiesof intermolecularinteractionsand
bonding.
�

Extensiveexperimentalandtheoreticalattentionhas
been devotedto studiesof clusters in supersonicbeams,1,2

J-aggregatesof cyaninedyes,3 supramolecularstructures,4 and
biological
�

complexes(photosyntheticantennaeand reaction
centers).5 It is possibleto treattheaggregatesasgiantmolecules
and employ methodsof quantumchemistryto calculatetheir

electronic structure. Theseapproachesare limited to small
aggregates.6,7 An importantchallenginggoalof computational
chemistry is to relate the electronic statesand spectraof
aggregatesto thoseof their basicbuilding blocks
 the mono-
mers. By doing so it shouldbecomepossibleto get a better
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Chem. Phys. 1989, 90, 1299.(c) Cársky, P.; Selzle,H. L.; Schlag,E. W.
Chem Phys. 1988, 125, 165.

9188 J. Am. Chem. Soc. 1998, 120, 9188� 9204

� � � � � � � � � � � � �  � � � ! � � " # # # $ % ! & ' � � ( ! � � � ) * + , - . / 0 # 1 + * - . / 2 � 3 . - + 4 56 7 8 2 - 9 1 + : 3 0 ; + 8 � � < � � < ! � � �



microscopic= insightinto thenatureof theirelectronicexcitations
and to predict qualitative featuresof complex large systems
using> simple,readily availableinformation.

It is clearthatthespatialrelationshipbetweenpolymerchains
controls to a significant extent important photooptic and
electroopticproperties,such as emissionquantumyield and
chargetransportability, in emissivepolymers.8,9 Morphological
irregularities
�

and the statistical nature of chain lengths and
conjugationlengths,combinewith facile energy-transferpro-
cessesto make experimental probing of aggregatedsites
difficult. Despitethe importanceof theseinteractions,well-
definedmonomolecularmodelssuitablefor studyingintermo-
leculareffectsin theamorphoussolidstatearegenerallylacking.

In this paper we report the photophysicsof a family of
paracyclophane? derivativesthat hold phenylenevinyleneunits
of varyingcomplexity. Theopticalpropertiesof thesedimers
areanalyzedusingtherecentlydevelopedcollectiveelectronic
oscillator (CEO) approach.10@ 13

Compoundscontainingthe [2.2]paracyclophanecore14 were
chosenbecausethey haveprovenvaluablein the inquiry of
bonding,
�

ring strain,and A B C electrondelocalizationin organic
molecules.= 15 It

D
is possible with this framework to hold

chromophoresin closeproximity andto enforcecofacialoverlap
of two arenerings. Examinationof thephotoopticalproperties
of this classof compoundshasgiven insight into the effect of
through-spacedelocalizationfor a pair of chromophoresin a
precisely? determineddistanceand orientation. For example,
[2.2]paracyclophane(Pc) behavesasa pair of stronglyinteract-

ing
�

benzenerings and displaysspectroscopicfeatureswhich
have
E

been describedas analogousto those of a benzene
excimer.16 Bichromophoric

F
dimerscontaininga[2.2]cyclophane

locuscanthereforemodelinterchromophorecontactsin thesolid
state.17,18

The synthesisand spectroscopicpropertiesof the pseudo-
ortho andpseudo-para� isomersof distyryl[2.2]paracyclophane
(1a and 1b) and bis[4-(4′-tert-butylstyryl)styryl][2.2]para-
cyclophane(2a and2b) wasrecentlyreported.19

Thesemoleculesrepresentdimersof stilbeneand distyryl-
benzeneandareinterestingin thattheymodelinterchromophore
contactsin main-chainpolychromophoressuchas poly(para-
cyclophan-1-ene)20 and conjugatedpolymerssuchas poly(p� -
phenylenevinylene)(PPV).

A questionof fundamentalimportancefor moleculessuch
as2a,b concernsthe extentof delocalizationfor the inter-ring
state, since it plays an important role in determining the
frequencyandefficiencyof emissionandbecauseit reflectsthe
ability of closelyspacedfragmentsto delocalizethroughspace.
It is notclearhowtheenergyof thisstateis stabilizedby pendant
conjugatedfragmentsor how this energycomparesrelativeto
an excitationlocalizedon a singlechromophore.

In this paperwe dissectmolecules2a and 2b in order to
determinetherelativeenergiesof thestateandtheexcited-state
localizedon a singlechromophore.The optical propertiesof
1a,b and 2a,b and their relationship to those of Pc are
understoodon the basisof the CEO approach.

Results and Discussion

Syntheses and Characterization. Derivatizationof Pc
G

is
accomplishedvia electrophilic brominationas originally de-
scribedby Reich and Cram.21 Reactionscarriedout using 1
equiv of bromineyield monobromo[2.2]paracyclophane(3) in
high yield. However,reactionscarriedout using 2 equiv of
bromine are known to give a mixture of four dibromo[2.2]-
paracyclophaneisomers. Because the pseudo-p� -dibromo-
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[2.2]paracyclophane,4a, and the pseudo-o-dibromo[2.2]-
paracyclophane,? 4b, isomerscan be obtainedin reasonable
yields,O wehavechosentheseassuitablestartingmaterials.Due
to its poor solubility, 4a can be obtainedin pure form upon
recrystallizationP of the crude product mixture from a warm
solution of chloroform and hexanes. The filtrate following
recrystallizationmay thenbe subjectedto columnchromatog-
raphy(silica, hexanes)to obtain4b which is themostpolarof
the
Q

dibromoisomersandeluteslast from the column.

More recently,de Meijere andco-workershavedescribeda
solid-phasebrominationof Pc usingbrominevapor to obtain
4b following purificationby columnchromatography.22 How-
ever,spectroscopiccharacterizationof this materialis identical
to
Q

publishedvaluesreportedfor 4a.23 Giventheuncertaintyin
isomerassignment,we consideredit prudentto independently
confirm thestructureof 4b. High-qualitysinglecrystalsof 4b
wereobtaineduponslow diffusion of hexanesinto a concen-
tratedCHCl3 solution. As shownin Figure1, this experiment
unambiguously> confirmsCram’soriginalcharacterization.Met-
ricalP dataobtainedfor 4b arevery similar to publishedvalues
for related[2.2]paracyclophanecompounds.24 The

R
bondlengths

and anglesobtainedfor 4b are similar to valuesreportedfor
the pseudo-para� isomer,4a, exceptthat the inter-ring torsion
anglein thepseudo-ortho isomeris significantlylarger,presum-
ably to minimize steric interactionsbetweenthe two large
bromineatoms(C1S C7T C8U C9 V 19.0° vs5.8° in thepseudo-
para� isomer).25

A varietyof stilbenoidderivativesincorporatingthePc core
can be preparedfrom the appropriatebromo-paracyclophane
derivativesusingstandardHeckcouplingprocedures.Monovinyl-
[2.2]paracyclophane,5 is obtainedin 85% yield uponheating
a dimethylformamidesolution of 3 sealedin a high-pressure
steel bomb under ethylene(100 psi) and in the presenceof
excessNEt3 anda catalyticmixtureof Pd(OAc)2 andP(o-tol)3

(o-tol W o-tolyl, seeeq 1).

A similar procedurecarried out using the dibromo[2.2]-
paracyclophanecompounds,4a and4b provides? thecorrespond-
ing divinyl derivatives,pseudo-p� -divinyl[2.2]paracyclophane,
6a, andpseudo-o-divinyl[2.2]paracyclophane,6b, respectively
in yields greaterthan 90% (eq 2). Compounds5 and 6a are

known in the literature;however,to our knowledgesynthetic
details have not been published in the case of 6a.26 The
monovinyl derivativewas previouslypreparedin threesteps
by FriedelX Crafts acylationof Pc

G
, followed by reductionof

theacetylintermediateto thecorrespondingalcoholandthermal
dehydration.27 TheHeckcouplingprocedureoffersadvantages
in termsof syntheticeaseandimprovedyields.

Palladium-mediatedcouplingof styrenewith theappropriate
bromoparacyclophanederivativesprovidesanefficient routeto
the correspondingstyrylcyclophanecompounds. While the
traditional Heck catalystsystem28 composedof a mixture of
Pd(OAc)2 and P(o-tol)3 is effective for this reaction,isolated
yieldsaretypically lessthan50%. Improvedyieldsareobtained
for the phase-transfercatalystsystemdevelopedby Jeffery,
composedof a mixture of Pd(OAc)2 with excessK2CO3 and
NBu4Br.29 In fact, thissyntheticprocedurehasbeenpreviously
employedby de Meijere and co-workersin the synthesisof
styryl[2.2]paracyclophane(7

Y
) from 3

	
.22 Wittig

Z
chemistryhas

also proven useful in the preparationof compoundsof this
type.30

Extensionof this reactivity to compounds4a and 4b gives
the pseudo-p� -distyryl[2.2]paracyclophane,1a, and pseudo-o-
distyryl[2.2]paracyclophane,1b, as shownin eq 3. Theseare
highly crystalline materials which have been structurally
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Figure 1. ORTEPdrawingof 4b at30%probability.Hydrogenatoms
arenot shown.
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characterizedpreviouslyandareeasilypurified by chromatog-
raphy.P Blueemissionfrom bothcompoundsis readilyapparent
to
Q

the eye.
Crystals suitable for X-ray structural analysishave been

obtainedfor 7 by allowingahexanesolutionto slowly evaporate
andanORTEPdiagramis shownin Figure2. Thebondlengths
andanglesobservedfor thecyclophaneportionof 7 aresimilar
to Pc, in keepingwith the rigid natureof this structuralunit.
Otherthanpuckeringof oneof thearenes(cyclophaneportion),
the
Q

bondlengthsandangleswhich definea trans-stilbeneunit
in
�

7
Y

are very similar to trans-stilbeneitself.31 For example,
trans-stilbeneis approximatelyplanarwith asmalltorsionangle
of 5.2° between

�
the plane of a benzenering and the alkene

portion? of the molecule. In comparisonthe related torsion
anglesin 7 are b 6.08(22)° (C15c C16d C17e C18) and6.73-
(15)° (C20f C19g C18h C17). The respectiveCi C bond
lengthsarealsoquitesimilar, (1.326(2)in 7

Y
versusanaverage

valuefor trans-stilbeneof 1.336(10))asaretheanglesaround
the alkenecarbons(C18j C17k C16 l 127.28(14)andC17m
C18n C19 o 127.20(14)comparedto 126.0in trans-stilbene).
The
R

essentiallyunperturbedstilbenestructurethat is observed
for 7 is mirroredin thestructuraldatathathavebeenpreviously
communicatedfor 1a and1b, which alsorevealunremarkable
structuralparameterswith respectto trans-stilbene.

Theconjugationlengthof thestilbenoidcompoundsconsid-
eredherecanbeextendedby oneadditionalvinyl unit relative
to 1a. A convenientapproachis to couple4-bromobenzalde-
hyde with the divinyl derivative,6a to give pseudo-p� -bis(4-
carboxaldehydestyryl)[2.2]paracyclophane,8. Treatmentof 8
with CH2PPh3 yieldsO the desiredpseudo-p� -bis(4-vinylstyryl)-
[2.2]paracyclophane,9 (eq 4).

Vinylstilbeneunitscanbereactedwith 3, 4a, or 4b to
Q

provide
distyrylbenzenoid-typecompounds. The requisite 4-(4-tert-
butylstyryl)styrene(TBSS) units are obtained by dropwise
additionof LiOEt (1 M in EtOH) to anEt2O slurry/solutionof
4-vinylbenzylphosphonium
p

chlorideand4-tert-butylbenzalde-
hyde. Althoughthisproceduregivesamixtureof bothcis- and
trans-stilbeneisomers,the former canbe isomerizedquantita-
tively
Q

to thedesiredtrans isomer
�

uponheatinga dilute hexane
solutionwith afew crystalsof iodinefor severalhours. Addition

of TBSS to 3 in the presenceof Pd(OAc)2 results in the
formationof 10 asshownin eq 5.

Two equivalentsof TBSScanbe coupledwith 4a or 4b to
give compounds2a and2b in moderateyields (eq 6). These

are bright fluorescentyellow compoundsthat are soluble in
aromatic,aliphatic, and halogenatedsolvents. The nonlinear
dispositionof substituentsmakes2b more= solublethan2a. In
general,all pseudo-ortho isomers

�
are more solublethan their

pseudo-para� counterparts.
1H and13C NMR spectroscopyprovideunambiguousproof

of structurefor all new compounds.For example,the mono-
substitutedcompounds5, 7, and10 arechiral which resultsin
four methyleneresonancesin the 13C NMR spectra. Disubsti-
tution resultsin highersymmetryandgreatlysimplifiedspectra.
Figure3 showsthe 1H NMR spectrafor the seriesof pseudo-
para� isomers6a, 1a, 10, and2a

q
.

Photooptical Properties. This sectiondescribestheabsorp-
tion andemissionspectraof themoleculesdescribedabove.In
somecasesthe photoopticalpropertiesof the paracyclophane
dimer arecomparedwtih thoseof compoundswhich serveas
monomermodels. Overall, the collectedbody of data,sum-
marizedin Table1, highlightsthe effect of delocalizationand

(31)Hoekstra,A.; Meertens,P.; Vos, A. Acta
�

Crystallogr. 1975, B31
�

,
2813.

Figure 2. ORTEPdrawingof 7 at 30%probability.Hydrogenatoms
arenot shown.
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orientationon the photophysicsof the bichromophoricpair. It
alsoallowsfor acomparisonof therelativeexcited-stateenergies
of the through-spacedelocalizedstate with the energiesof
increasingly
�

conjugated,andhencemorestable,chromophores.
Figure 4 containsthe absorbanceand emissiondataof 2a,

2b, and4-(2,5-dimethylstyryl)-4′-tert-butylstilbene(2c). Unless

otherwisestatedall measurementswere madeusing spectral-
gradehexaneassolvent. Theabsorbanceandemissionspectra
of 2c

q
are characteristicof the distyrylbenzenechromophore

which is representativeof a small oligomericunit from a PPV
chain. A red-shiftof r 15 nm is observedin theabsorbanceof
the
Q

“dimers” 2a
q

and2b relativeto 2c but
�

overall thereis little
differencein thesespectra.Theemissionfrequenciesof 2a and
2b are indistinguishableand their 16-nmred-shift, relative to
the emission of 2c, can be accountedfor by the inherent
deformationsbroughtaboutby the ring strain of the paracy-
clophanecore(alsonotetheemissionspectrumof 10 in

�
Figure

8). Note also that all the emissiondata in Figure 4 retain
vibronic structure.

Spectrafor compound9 arepresentedin Figure5. Relative
to
Q 2a both absorbanceand emissionare blue-shiftedand the
emissionbandis broaderbut containsa shoulder,suggestive
of vibronic structure.

Thephotoopticalpropertiesof 1a and1b arecomparedwith
thoseof 2,5-dimethylstilbene(1c) in Figure6. Thesespectra

showa red-shiftof s 13 nm for theabsorbancespectrumof 1a
relativeto 1c. Morepronounceddifferencesareevidentin their
respectiveemissionspectra(t emis(1a) u 412nm vs v emis(1c) w
355 nm). Whereas1c revealsvibronic definition, the broad
band
�

shapeand larger Stokes shift for 1a mimics= that of
excimers.16 The emission of 1b is similar to that of 1a.
However,the proximity of the two alkeneunits in 1b appears
to
Q

split the absorbanceband(x abs y 264 and325 nm) relative

to 1c. Theratio of thetwo absorptionbandsfor 1b is
�

foundto
be independentof temperature.To addressthe possibility of
an equilibriium betweentwo different conformerswhich give
rise to the two absorptionbands,we have also carried out
variable-temperature1H NMR studies. In theseexperiments
no evidencefor a secondspecieswasobservedto z 78 °C, nor
did we note significant temperaturedependenceof the reso-
nances.Furthermore,calculatedabsorbancespectrausingthe
X-ray coordinatesof 1b match the experimentallymeasured
absorbancespectra(vide infra, Figure12).

Vibronic
{

structurein theemissionof paracyclophanedimers
will becomehighly significantlaterwhenthedelocalizationand
energeticsof the emitting stateare examinedand compared.
The low-temperature(77 K) emissiondatain a methyltetrahy-
drofuranglassfor 1a, 9, and2a

q
aredisplayedin Figure7. Note

thatthevibronicstructurebecomesbetterdefinedwith increasing
conjugationlength. Theemissionof 1a is broadandfeatureless
while that of 2a

q
is
�

sharp. Compound9 appearsto be an
intermediatesituation.

The
R

spectroscopicdatafor the monosubstitutedderivatives
7 and10, shownin Figure8, closelymimic thetrendsobserved
for the symmetricdimers. The emissionof 7 is broad and
notably red-shifted from the parent dimethylstilbenechro-
mophorewhile thepropertiesof 10 aresimilar to thoseobserved
for 2c. Also significant is that 1a (| emis } 412 nm) emits at
longerwavelengthsrelativeto 7 (~ emis � 382 nm), suggesting
an excitedstatefor 1a that

Q
is diffusedto a certainextentover

the entiremolecule.
Datafor theconfigurationalisomers6a and6b aregiven in

Figure9. Their absorptionspectradiffer, asis thecasefor 1a
and 1b, implying ground-stateelectronic effects which are
dependentontherelativeorientationof thetwo styrenesubunits.
For both 6a and6b emissionlacksvibronic structureand the
emissionof 6a is � 8 nm red-shiftedfrom thatof 6b. Finally,
Figure 10 gives the spectrafor the two compoundswith the
mostrestricteddelocalization,vinylparacyclophane(5) andPc
itself.
�

Noticethesignificantred-shiftof 5 relativeP to Pc. This
observationand the further red-shiftsobservedfor 6a and6b
are evidenceof stabilization of the emitting speciesupon
substitutionof Pc with vinyl units.

Calculational Details

Themodelingof chromophoreaggregatesis simplifiedwhen
thechromophoresarewell-separatedin space,andtheir interac-
tions
Q

arepurely Coulombic(electronexchangeis negligible).
Each
�

chromophorethenretainsits ownelectronsandthesystem
may be describedusing the Frenkelexciton Hamiltonian.32,33

This allowstheperturbativetreatmentof intermolecularinterac-
tions. The situation is much more complexwhen electronic
statesare delocalizedamongthe chromophores.No obvious
perturbativetheory exists in this case. The calculationsof
optical excitationsaretediousandprovideno simplerulesfor
predictingspectroscopictrends.

The collective electronic oscillator (CEO) approach10� 13

providesa new effectivecomputationalschemefor electronic
excitationsof largemolecules. The input to the calculationis
the reducedsingle-electrondensity matrix,34,35 � �

mn � 〈g� �
(32)Pope,M.; Swenberg,C. E. Electronic Processes in Organic Crystals;

ClaredonPress:New York, 1982.
(33)Silinsh,E. A.; Cápek,V. Organic Molecular Crystals; AIP Press,

AmericanInstituteof Physics: New York, 1994.
(34) McWeeny, R.; Sutcliff, B. T. Methods

�
of Molecular Quantum

Mechancis; AcademicPress:New York, 1976.
(35)Davidson,E. R. Reduced

�
Density Matrices in Quantum Chemistry;

AcademicPress:New York, 1976.

Table 1. Summaryof AbsorptionandEmissionDataa�
max

compound absorption emissionb
�

5 281 374
6a 254 394
6b 288 386
7 318 386
1a 307 412
1b 264,325c 401

�
1c 294 338,355
9 338 390,409
10 366 403,427
2a 369 307,430
2b 355 408,431
2c 349 391,355

a All measurementsin hexaneat room temperature.b For emission
with� vibronicstructurethetwo highestenergypeaksarereported.c Split
peak� in absorbance.
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cm� cn� � g〉 wherecm� (cm) are creation(annihilation)operatorsof
an electronat the m-th atomic orbital, and � g� 〉 is the ground-
statemany-electronwavefunction. Thediagonalelements� � nn

representthe electronic charge density at the n� -th orbital,
whereasthe off-diagonalelements,m � n, revealthe bonding
structure(i.e.,bondorders)associatedwith eachpair of atomic

Figure 3. 1H NMR spectrain the aromaticandolefinic regionfor (a) 6a; (b) 1a; (c) 10, and(d) 2a.

Figure
�

4. Absorptionandemissiondatafor compounds2a
�

, 2b
�

, and
2c. Emission spectrawere measuredby exciting at the absorption
maxima.� Figure 5. Absorptionandemissiondatafor compound9. Theemission

spectrumwasmeasuredby exciting at the absorptionmaxima.
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N
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orbitals.36� 39 When the molecule interactswith an external
driving field, its electronic density matrix acquiresa time-
dependentcomponent� � (t) which canbe expandedas

a � (t) are time-dependentexpansioncoefficientsand the elec-
tronic normal modes �   representP theopticaltransitionsbetween

thegroundstate ¡ g〉 andanelectronicallyexcitedstate ¢ £ 〉. Their
matrix= elementsaregiven by

Theelectronicmodesdescribecollectivemotionsof electrons
andholesandcarrysubstantiallylessinformationthanthemany-
electron eigenstatesbut more than required for calculating
molecularpolarizabilitiesandspectroscopicobservables.The
diagonalelements( ¤ ¥ )nn representP the net chargeinducedon
the n-th atomicorbital by an externalfield, whereas( ¦ § )mn m¨©

n is thedynamicalbondorderrepresentingthejoint amplitude
of finding anelectrononorbitalm andaholeonorbitaln. Even
though
Q

eq 8 involves matrix elementsof the global many-
electroneigenstatesª « ¬ and ­ g〉, the CEO canbe obtainedas
eigenmodesof the linearized time-dependentHartree® Fock
(TDHF) equationsof motion for the time-dependentdensity
matrix= driven by the external field, totally bypassingthe
calculationof many-electroneigenstates.Theeigenfrequencies¯ °

of these equations provide the optical transition
frequencies.10± 13 Thefrequency-dependentlinearpolarizability² ( ³ ) is representedin the form

wheref
´ µ ¶

2 · ¸ [Tr( ¹ º » )]2 is the oscillatorstrengthof the g� to¼ transition, ½ is
�

the line width, and ¾ is the dipole moment
operator.

Normal modesare commonly used in the descriptionof
molecularvibrations. They are collective coordinateswhich
representcoherentmotionsof thevariousatoms. Similarly, the

(36)Szabo,A.; Ostlund,N. S.Modern
�

Quantum Chemistry: Introduction
to Ad ¿ ancedÀ Electronic Structure Theory; McGraw-Hill: NewYork, 1989.

(37)Mulliken, R. S. J. Chem. Phys. 1995, 23, 1833;1841;2338;2343.
(38) (a) Reed,A. E.; Curtiss,L. A.; Weinhold,F. Chem. Re Á . 1988, 88,

899.(b) Reed,A. E.; Weinstock,R. B.; Weinhold,F. J. Chem. Phys. 1985,
83, 735.

(39) (a) Lowdin, P. O. Phys.
]

Re Â . 1955, 97, 1474. (b) Lowdin, P. O.
Ad

� Ã
. Phys. 1956, 5, 1.

Figure 6. Absorptionandemissiondatafor compounds1a, 1b, and
1c. Emission spectrawere measuredby exciting at the absorption
maxima.

Figure
Ä

7. Low-temperatureemissiondata(77 K in methyltetrahydro-
furan) for compounds1a, 9, and2a. Emissionspectraweremeasured
by exciting at the absorptionmaxima.

Figure
Ä

8. Absorption
Å

and emissiondata for compounds7 and 10.
Emissionspectraweremeasuredby excitingat theabsorptionmaxima.

Æ Ç
(t) È ∑

É Ê
aË (t) Ì Í Î a* Ï (t) Ð Ñ Ò (7)

Figure 9. Absorptionandemissiondatafor compounds6a and 6b.
Emissionspectraweremeasuredby excitingat theabsorptionmaxima.

Figure 10. Absorptionand emissiondata for compound5 and Pc.
Emissionspectraweremeasuredby excitingat theabsorptionmaxima.

( Ó Ô )mnÕ Ö 〈 × Ø cmÙ cn Ú g〉 (8)

Û ( Ü ) Ý ∑
É Þ f

ß à
á â 2 ã ( ä å i æ )2

(9)
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CEO approachallows us to interpretand visualizeelectronic
motions= in termsof collectivemotionsof theelectronicdensity
matrix. To computetheelectronicmodeswefurtherdeveloped
the density-matrix-spectral-momentsalgorithm (DSMA)12,13

which is a numericallyefficient schemefor solving theTDHF
equations. The procedure involves computing the set of
effectiveelectronicmodeswhichprovidethebestapproximation
for the spectrumwith a given numberof modes. Making use
of the Lanczosalgorithm, it allows us to focus solely on the
main= oscillatorswhich contributeto theoptical response.The
DSMA makesit possibleto computeoptical spectraevenfor
very largemoleculeswith hundredsof heavyatoms.12,13

The CEO approachhasbeenappliedpreviouslyto explain
the
Q

responseof naphthalenedimersand trimers40 in
�

termsof
monomerresponsefunctions. Thesestudiesusedthe simple
Pariserç Parrè PopleHamiltonian. The presentwork usesthe
higher
E

level INDO/S Hamiltonian,a different, more compact
definition of the CEO (basedon the electroné hole

E
part of the

densitymatrix) andthe improvedDSMA.12,13

Electronic Modes of the Monomeric Building Blocks. The
moleculesstudiedalongwith theiratomiclabelingaredisplayed
in
�

Figure11. We consideredthe dimer structures1a, 1b, 2a,
2b
q

, themonomerunits1c, 2c
q

, aswell asPc
G

, whichis thecentral
piece? of all dimers studied. Ground-stategeometrieswere
obtainedusing the crystal X-ray diffraction datagiven in ref
19.41 The ZINDO codewasutilized to generateINDO/S42,43

Hamiltonianandthe CEO/DSMA procedurewasthenapplied
to computethe linear absorptionspectra. In all calculations
we usedtheempiricalline width ê ë 0.2 eV, andsatisfactory
convergenceof the linear absorptionwasachievedusing10ì
15 effectiveelectronicmodes.

The calculatedspectraof the monomers1c and 2c are
displayedin Figure12 (solid lines). Experimentalabsorption
andfluorescencespectraareshownby dashedanddottedlines,
respectively.We denotedtheloweststrongabsorptionpeakof
1c and2c asII. (Thereasonfor thisnotationwill becomeclear
in the next sectionwherewe considerthe dimer spectra.)No
geometryoptimizationwascarriedout andno parameterswere
tunedor rescaled. Neverthelessthe theoreticalspectraare in
excellentagreementwith experiment.44

í
To exploretheorigin of thevariouspeakswe examinedthe

collectivemodescorrespondingto theseelectronicexcitations.
By displayingthematricesî ï usingtwo-dimensionalplots,we
establisha direct real-spaceconnectionbetweenthe optical
responseandthe dynamicsof chargesuponoptical excitation.
Thesizeof thematrix is equalto thenumberof carbonatoms
in the molecule,labeledaccordingto Figure 11; the ordinate
andabscissarepresentan electronanda hole, respectively.

Panel
ð

1c( ñ ) in Figure 13 displaysthe ground-statedensity
matrix ò ó of 1c. Thedensitymatrixis dominatedby thediagonal
andnear-diagonalelements,reflectingthebondsbetweennearest
neighbors. Thearomaticrings (cornersof thematrix) andthe
vinylic doublebond(centerof thematrix)areclearlyidentified.
1c(II) showsthe electronicmodeof peakII in 1c. This mode
is completelydelocalizedover the entire moleculewith the
strongestcoherences(off-diagonalelements)in thedoublebond

(40)Wagersreiter,T.; Mukamel,S. J. Chem. Phys. 1996, 105, 7995.
(41)Thegeometrieswereexperimentallymeasuredfor molecules1a and

1b; the geometriesof Pc
ô

and 1c wereõ extractedfrom 1a X-ray
ö

data;the
geometriesof 2a, 2b, and2c wereassembledfrom 1a and1b X-ray data
by
÷

elongatingthe stilbeneunits.
(42)Stavrev,K. K.; Zerner,M. C.; Meyer,T. J.J.

�
Am. Chem. Soc. 1995,

117, 8684.
(43)Broo, A.; Zerner,M. C. Chem. Phys. 1995, 196, 407; 1995, 196,

423.

(44) In theExperimentalSectionmeasurements1c and2c aresubstituted
at positions2 and5 by methyl groups;2c

ø
is
ù

substitutedat position22 by
tert-butyl group;2a

ø
and2b aresubstitutedat1 and48by tert-butyl groups.

Figure 11. Structuresandatomlabelingof Pc, stilbenoidmonomers(1c, 2c), anddimers(1a, 2a, 1b, 2b).
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N
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of the vinylic group. The following two modesof stilbene
(1c(IIIA) and1c(IIIB)) arelocalizedon thefirst andthesecond
arenerings, respectively.

The second column in Figure 13 shows the dominant
electronicmodesof 2c

q
. Theyhavebasicallythesameproperties

as the correspondingmodesof the shortermolecule1c. The
delocalizedmodeII is significantlyred-shifted.Ourcalculations
lumpedall localizedtransitionsIII to a singleeffectivemode
localizedat the phenyls.

Before turning to the dimer spectrawe shall examinethe
calculatedabsorptionspectrumof Pc which in an important
commonunit of all dimersstudied. The electronicproperties
of Pc havebeenextensivelystudied.45,46

í
The calculatedand

experimentalspectraof Pc are displayedin the top panel in
Figure
ú

12. Weconsiderthreeelectronicexcitations.Thelowest
transition
Q

IA with frequency û IA ü 3.95 eV is forbidden in
linearabsorptionandcomparewell with experiment(4.1eV).47

í
IB is thefirst peakin absorption( ý IB þ 4.77eV) with a weak
dipole alongthe benzenelong axis. PeakIII ( ÿ III

� � 5.5 eV)
dominatestheabsorption.Ourcalculatedfrequenciescompare
well with experiment(4.06,5.12,and5.42eV).46

í
Pc( � ) shown

in
�

Figure13 representstheground-statedensitymatrix � � of Pc.
The
R

aromaticrings at the cornersandtwo bridgeshouldersin
the center are clearly identified. Pc(IA) shows the lowest
electronic modesin Pc. The excitation is localized on the
aromaticringsandshowsthestrongelectroniccoherence(which

is a signatureof chargedelocalization)betweenthem. Pc
G

(IB)
is alsodelocalizedover the entiremoleculebut with a weaker
coherencebetweenaromaticringsthanPc(IA). In contrast,the
Pc(III) modeshowsvery small chargedelocalizationbetween
arenerings. ModesIA andIB aredelocalizedandaretherefore
red-shiftedcomparedto modeIII which is localizedonthearene
rings. Due to its localizednature,modeIII has roughly the
samestructureand transition frequency(5.3� 5.4 eV) for all
threemoleculesPc

G
, 1c, and2c.

Electronic Modes of Dimers. Panel1a( � ) in Figure 13
displaystheground-statedensitymatrix � � of 1a. Theplot shows
that dimerizationhardly affectsthe groundstate. The density
matricesof thePc

G
( 	 ) and1c( 
 ) unitscanbeeasilyidentifiedin

the densitymatricesof 1a. The ground-statedensitymatrices
of otherdimers(not shown)behavesimilarly.

We
Z

next turn to theopticalexcitationsof thedimers. Panel
1a(IA) of Figure14showsthelowestfrequencyelectronicmode
IA of 1a. This mode is virtually the sameas Pc(IA). It is
essentiallylocalizedon the paracyclophane,has a vanishing
oscillator strength,and representsthe chargedelocalization
betweenmonomers.The following mode1a(IB) corresponds
to Pc(IB) andsimilarly hasaweakoscillatorstrength.However,
thesmalldelocalizationto neighboringvinylic groupsleadsto
dramaticred-shift in frequencyfrom 3.95 to 2.91 eV for IA
andfrom 4.77 to3.04eV for IB.

Mode 1a(IIA) resemblesmode II of the monomer 1c
(diagonal blocks), but shows some electronic coherences
betweenchromophores(off-diagonalblocks). Thestructureof
1a(IIB) is similar to 1a(IIA) but it showsa slightly different
distribution of coherencesand strongerchargedelocalization
betweenmonomers. The coupling of the monomericmodes
1c(II) leadsto a Davydov-likesplitting resultingin modesIIA
and IIB in the dimers.48

í
The frequencysplitting reflects the

interactionstrengthbetweenmonomers. The high-frequency
mode1a(III) is localizedmostly on the aromaticrings at the
edge,andweaklypenetratesto thecentralPc unit,> with a small
traceof opticalcoherencesbetweenthemonomers.Thismode
showsaboutthesamelocalizationpropertiesas1c(II). Wethus
concludethat theelectronicexcitationsof thedimer1a canbe
constructedfrom theexcitationsof its Pc and1c units,> perturbed
by interactionbetweenmonomers.

We
Z

next compareelectronicmodesof different dimers to
investigatehow geometryand monomersize affect charge
delocalization. The secondcolumn in Figure 14 showsthe
electronicmodesof 1b (for atomlabelingseeFigure12). The
dominantopticalexcitationsof thelargerdimers2a and2b are
displayedin the third andfourth columns.

The lowest frequency modes IA and IB and the high-
frequency mode III are localized and hardly changeupon
dimerization. ModesIA with frequency2.9 eV andmodeIB
with frequency 3 eV originating from Pc(IA) and Pc(IB),
respectively,arevirtually the samefor all four dimers. Mode
III which canbeattributedto 1c(III) and2c(III) is localizedon
theareneringsandshowsaweakchargedelocalizationbetween
monomersfor all four molecules. However, it has a quite
different diagonaldistribution of optical coherencesfor short
(1a, 1b) andlong(2a

q
, 2b) dimers. Thelocalizednatureof mode

III
D

explainsthe invarianceof its transitionfrequency(5.3� 5.5
eV).

(45)Canuto,S.; Zerner,M. C. J. Am. Chem. Soc. 1990, 112, 2114.
(46) Iwata,S.;Fuke,K.; Sasaki,M.; Nagakura,S.;Otsubo,T.; Misumi,

S. J.
�

Mol. Spectrosc. 1973, 46, 1.
(47)Experimentallythis transition is weakly vibronically allowed by

borrowing intensity from IB (ref 45). It can be seenby plotting the
experimentalabsorptionin logarithmic scale. The fluorescenceof Pc

�
originatesprimarily from IA (ref 45).

(48)The term “Davydov splitting” usually refers to the splitting of
degeneratestatesin molecularaggregatesandcrystalsin which intermo-
lecularinteractionsareelectrostatic,andaredescribedby theFrenkelexciton
Hamiltonian.In contrast,thecouplingbetweenelectronicmodesin dimers
includes electrostaticas well as exchangeinteractions,which result in
interchromophoreelectroniccoherence.Thesemay not be describedby
FrenkelexcitonHamiltonian.

Figure 12. Calculated(solid lines) and experimental(dashedlines)
absorptionspectraandexperimental(dottedlines)fluorescencespectra
of the moleculespresentedin Figure11.
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Figure 13. Contourplots of ground-statedensitymatricesandthe electronicmodeswhich dominatethe optical absorptionof monomers1c and
2c
�

. The axis labelsrepresentthe individual carbonatomsaslabeledin Figure11. The panelsindicatethe molecule(Figure11) andthe elecronic
mode(Figure12) (e.g.,1c( � ) is the ground-statedensitymatrix of molecule1c; Pc(III) is modeIII of Pc. The aromaticring units areshownby
solid rectangles.The color codeis given in the bottomrow. Mode frequenciesof 1c ( � II

� � 4.12
�

eV, � IIIA � 5.36eV, � IIIB � 5.73eV); 2c
�

( � II
�� 3.53eV, � III � 5.25eV); Pc( � IA � 3.95eV,  IB ! 4.77eV, " III # 5.5 eV).



The bulk (delocalized)modeII appearingin the spectraas
peaks? IIA andIIB changessignificantlyupondimerizationand
showschargedelocalizationwhich dependson the molecule.
Comparisonof IIA and IIB leadsto the following observa-
tions: (i) chargedelocalizationis muchstrongerfor molecules
with ortho (1b and2b) thanwith para� (1a and2a) orientation
because
�

thevinylic groupswherethemonomerbulk modeII is
concentratedin 2b aregeometricallycloserwith separationof
about 4 Å and strongly interact with eachother; (ii) charge
delocalizationis strongerfor theshortermolecules(1a and1b)
comparedwith 2a

q
and2b becausein the former theelectron$

hole pair “spendsmore time” on the Pc unit> which promotes
chargedelocalization;(iii) thestrongerthechargedelocalization
between
�

monomers,the lessIIA andIIB resembletheoriginal
1c(II) and2c(II) modes. The splitting dependson the optical
coherencesbetweenmonomersin themode. For example,1b
exhibits the strongestcoherencesin mode II and showsthe
largestsplitting % 0.9 eV betweenIIA andIIB peaks. 2a

q
has
E

the
Q

weakestcoherencesin modeII, showinga much smaller
splitting & 0.3eV. IIA is muchstrongerinabsorptioncompared
to IIB, which leadsto a singlepeakspectrumof type II.

Fluorescence Lifetimes Stokes Shifts and Quantum Yields.
Emission
�

quantumyields ( ' PL) and fluorescencedecaymea-
surementsprovide information complementaryto the steady-
statedataand give insight into the dynamicprocessesof the
excitedstate. In this sectionwe comparethe lifetime decay
properties? of compounds1a and2a with thoseof the “parent”
chromophores1c and 2c. The electronicdescriptionof the
monomers= anddimers,givenabove,shouldbeconsistentwith
these
Q

measurements.
Table2 containsexperimentallydetermined( PL valuesfor

1a and2a,c under> identicalconditions. Exactdetailsfor these
determinationsarefound in the ExperimentalSection,andwe
estimatethe error in thesevaluesto be approximately) 5%.
For the fluorescencedecay measurementswe relied on the
techniqueof time correlatedsingle photon counting on a
nanosecond* time scale.49,50 Figure15 showsthat the fluores-
cencelifetime of 1a is

�
approximately10-fold greaterthanthat

of 1c. Themeasureddecayprofileswerefitted usingmonoex-
ponential? andbiexponentialfunctionsandsomeof theresulting
parameters? areshownin Table3. As shownin Figure16,there
is virtually no differencein the fluorescencedecaydynamics

of 2a and2c. Both shownearlymonoexponentialdecayswith
a lifetime of + 1.1, 1.3 ns (Table 3). Note that this value is
similar to that measuredfor the copolymer PPV10-block-
polyNBE200 in dilute solution.51

To
R

study the fluorescencedynamics we calculated the
experimentalradiativedecayratesof 1a, 2a, and2c using - r. /

PL/ 0 , wherethevaluesfor 1 PL andthefluorescencelifetime2 aregivenin Tables2 and3, respectively.Theradiativedecay
rate of 1c was reportedin ref 53. We also calculatedthe
theoreticalradiativedecayrate 3 4r of 1a 5 c and 2a 6 c using>
the expression:52

Heref
´ 7

and 8 9 aretheoscillatorstrengthandthefrequencyof
mode : (seeeq 9).

Assumingthatonly thedelocalizedmodeIIA participatesin
thefluorescenceof longmolecules,weobtain0.7and0.67ns; 1

for the monomer(2c
q

) and the dimer (2a) decayrates. These
comparewell with experimentalvaluesof 0.55 and0.5 ns< 1,
respectively. The calculatedrateconstantis somewhatlarger
becausemolecularvibrationsandsolventeffectswhich reduce
electroniccoherencewerenot takeninto account. The calcu-
latedradiativelifetime of stilbene1c (0.52ns= 1) is consistent
with the experimentalvalue0.62> 0.67 ns? 1.53 The radiative
rates of the short dimers behavemarkedly different. The
experimentalradiativerateof 1a is significantlyslowerandthe
quantum yield is lower than 2a

q
. Assuming that only the

localizedmodeIA participatesin fluorescenceof theshortdimer
1a, we obtained0.05ns@ 1 for theradiativeratecomparedwith
the experimentalvalue of 0.06 nsA 1. The calculatedrate is
underestimatedbecausethefluorescencedependsalsoonstates
IB andpossiblyIIA of 1a. Thustheweakoscillatorstrengths
of IA and IB in the short dimers, 1a and 1b, and the fast
relaxationto thesestatesleadto thelongerfluorescencelifetime.

Thequalitativetrendsof theexperimentalfluorescencespectra
displayedin Figure 12 (dottedcurves)can be understoodby
examiningthecomputedelectronicmodes.Fluorescencespectra
of the monomers,1c and 2c, both show distinct vibronic
structureand have similar Stokesshifts of 0.7 and 0.5 eV,
respectively(definedas the shift betweenthe strongestpeaks
in absorptionandemission). Thefluorescencespectraof dimers
2a and 2b havevirtually identical shapesto the monomer2c

q
(seeFigure 4) and show Stokesshifts 0.4, 0.5, and 0.5 eV,
respectively. The spectraof dimers,1a and1b, aremarkedly
different. They are broadand featureless,show no vibronic
structures,andtheirshapesresemblethefluorescenceof Pc

G
(see

Figure 6). They show nearly no shift relative to 10, the
monomercontainingthe Pc

G
moiety. The Stokesshifts of 1a

and 1b are large comparedto 1c (0.8, 0.9, and 0.7 eV,
respectivelybut not comparedto 7. Theseobservationscanbe
explainedby assumingthat in the shortdimers1a and1b the
optically excitedIIA staterelaxesto thelower lying IA andIB
states.Thefluorescenceoriginatesfrom statesIA andIB which
are red-shiftedby 0.93 and0.8 eV with respectto IIA. This
suggeststhat thelargeStokesshift maybeelectronicin origin.
However,in the absenceof additionalinformationof excited-
stategeometries,nuclearcontributionto theStokesshift cannot
be completelyruled out.

(49)Lakowicz,J.R. Principles
]

of Fluorescence Spectroscopy; Plenum:
New
B

York, 1983.
(50)A detailedfluorescencedecayanalysisfor a family of paracyclo-

phaneC structureswill be the basisof a future publication.Heinrich, J.;
Atherton,
�

S.; Bazan,G. C. Unpublishedwork.

(51)Bazan,G. C.; Miao, Y.-J.; Renak,M. L.; Sun,B. J. J. Am. Chem.
Soc. 1996, 118, 2618.

(52)Mukamel,S.Principles of Nonlinear Optical Spectroscopy; Oxford
Press:New York, 1995.

(53)Greene,B. I.; Hochstrasser,R. M.; Weisman,R. B. Chem. Phys.
1980, 48, 289.

Table 2. Experimentally
D

DeterminedQuantumYields

compound E PL
F (%)

1a 30
2a 56
2c 62

Table 3. Double
G

ExponentialFits to the FluorescenceDecayafter
Deconvolutionfrom the InstrumentImpulseResponsea

compound H 1 B1 I 2 B2

1a 5.2 71 2.0 29
2a
J

1.2 100
2c 1.1 100

a The
K

time dependenceof the fluorescenceintensity [I
L

f(t)] was
modeledusingtheequationIf(t) M B1 exp(N t/ O 1) P B2 exp(Q t/ R 2) whereS

1 and T 2 denotelifetimesandB1 andB2 aretheamplitudecoefficients.
On thebasisof multiple measurementstherelativeerroron thevalues
of U andB wasapproximatelyV 5%.

W Xr Y 2/
Z
3f [ \ ] 2
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In contrast,in longer dimers 2a and 2b, the state IIA is
significantlyred-shiftedsinceit is delocalized,whereasthestates

IA andIB donotshift significantly. Semiempiricalcalculations
tend
^

to underestimatethe energiesof the low-lying statesin

Figure
_

14. Contourplots of electronicmodeswhich dominatethe absorptiondimers.The axis labelsrepresentthe individual carbonatomsas
labeledin Figure11. Thepanelsindicatethemolecule(Figure11) andtheelectronicmode(Figure12). Themonomers1c and2c unitsareshown
by solid rectangles.TheparacyclophanePc

`
unit is shownby dashedrectangle.Thecolor codeis given in Figure13. Modefrequenciesof 1a ( a IAb 2.91eV, c IB

� d 3.03eV, e IIA
� f 3.69eV, g IIB h 4.02eV, i III

� j 5.46eV); 1b ( k IA
� l 2.92eV, m IB

� n 3.01eV, o IIA
� p 3.72eV, q IIB

� r 4.59
eV, s III t 5.47eV); 2a ( u IA v 2.91eV, w IB x 3.03eV, y IIA z 3.29eV, { IIB | 3.61eV, } III ~ 5.29eV); 2b ( � IA � 2.92eV, � IB � 3.01eV,�

IIA
� � 3.41eV, � IIB

� � 3.86eV, � III � 5.30eV).



cyclophanes.45 For
ú

example,our calculationsgive the energy
of IA in Pc

G
0.15 eV lower than the experimentalvalue.

Therefore,we concludethat within the accuracyof semiem-
pirical? calculations the energiesof states IA and IIB are
comparablewith energyof theopticallyactivetransitionspectra
IIA in 2a and2b. ConsequentlytheseparationbetweenII and
IA(IB) in long dimersis only about0.33eV (0.2 eV). Infact,
the
Q

statesIA andIB lie within theline width of optically active
transition
Q

IIA. Consequently,the relaxationof populationto
statesIA andIB uponexcitationof stateIIA is lessimportant
andtheemissionoriginatesprimarily from theinitially excited
state.

Summary Discussion and Conclusion

We have demonstratedthat it is possibleto synthesizea
sequenceof cyclophanestructuresthat hold togetherchro-
mophoresof increasingconjugationlength. Heck-typereactions
of the brominatedcyclophanes3 and 4a,b, as shownby eqs
1 � 6, have been found to be the most reliable entry into
phenylenevinylene? structures.It shouldbementionedthat the
iodocyclophanecounterpartswork better in this respect54 but
aremoredifficult to preparein largequantities. Theavailability
of pseudo-para� andpseudo-ortho isomers4a and4b allowsfor
the investigationof orientationaleffects.

Important insight into the photophysicsof bichromophoric
phane? dimerscanbe obtainedfrom the optical spectrashown
in
�

Figures3 � 10. As shownby Figures6 (for 1a and1b) and

9 (for 6a and6b) theabsorptiondataareaffectedby therelative
orientation of the two chromophoreswhen theseare either
styreneor stilbene. Thisperturbationis consistentwith ground-
stateinteractionsbetweenthetwo subunits. Despitecontaining
thesamestructuralrelationshipasfor 1a and1b, theabsorption
spectrumof 2a is nearly identical to that of 2b (Figure4).

Exocyclicsustituentsmakeacontributionto theexcited-state
energyof the“phane”state. This effect is illustratedin Figure
17 wheretheemissionmaximafor differentderivativesshowa
progressivered-shift,dependenton theconjugationlengthand
numberof substituentslinked to Pc. Therefore,the “phane”
state diffuses partly from the Pc core onto the conjugated
substituents.

The
R

natureof the optical excitationsof 1a,b



and 2a
q

,b is
�

illustratedby usinga two-dimensionalrepresentationof elec-
tronic normalmodesin real space. Theseplots revealan off-
diagonalsizeassociatedwith relative(centerof mass)motion
of electron� hole pairs createdupon optical excitation. The
lowestfrequencyelectronicmode,localizedon the paracyclo-
phane group of the dimer, makes a small contribution in
absorptionof all aggregates,butdominatestheemissionspectra
of smalldimers1a and1b, leadingto a largeelectronicStokes
shift. Thetwo lowerenergyelectronicmodes,localizedon the
monomericunits, dominatethe linear absorptionof all ag-
gregatesandthefluorescenceof long dimers2a and2b

q
. Their

electroniccoherencesreflectthechargedelocalizationbetween
monomersand strongly dependon the relative chromophore
orientation. Thesecalculationsaccountfor all observedtrends
in absorptionspectra,fluorescenceStokesshift, and radiative
lifetimes,andestablisharigorousconnectionbetweentheoptical
responseof aggregatesandthe propertiesof the monomers.

The CEO analysisleadsto the qualitativeenergydiagram
for the photoexcitationdynamicsshown in Scheme1. We
assumethat in all casesthe most significant absorptionis
attributedto the “monomer” chromophore,i.e. stilbenein the
caseof 1a. Thereis a secondexcitedstateto consider,namely
one which containsthe paracyclophanecore. This statewill
be referredto as the “phane” stateand containsthe through-
space( � � � ) delocalization.45,46

í
Emissionfrom this stateis

broadand featurelessand similar to that which characterizes
excimers. Two situationsmay be encounteredafter photon
absorption.For thesmallerchromophoresstyreneandstilbene
theenergyof the localizedexcitationis higherthanthatof the
state containing the paracyclophanecore (a in Scheme1).
Energymigration55 transfersthe excitationfrom the localized
“monomer” andemissiontakesplacefrom the “phane” state.
In addition,theextinctioncoefficientfor directexcitationfrom

(54)Miao, Y.-J, Ph.D.Thesis,University of Rochester,1997.
(55)Here we usethe term “energy migration” but it could be argued

that the term “internal conversion”is adequateaswell.

Figure 15. Fluorescencelifetime measurementsof compounds1c (a)
and1a (b).

Figure 16. Fluorescencelifetime measurementsof compounds2a (a)
and2c

J
(b).

Figure 17. Collectedemissiondatafor compoundsPc, 5, 7, 6a, and
1a.

9200 J.
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the
Q

groundstateis weak. Populationof the “phane” statevia
energytransfershouldresult in a relatively long-lived excited
state,asobservedin Figure15.

The secondsituationis whenthe energyof the “monomer”
is
�

lower thanthecorresponding“phane”state(b in Scheme1).
This is thesituationfor vinylstilbene(i.e.,9) anddistyrylbenzene
(i.e.,10 or 2a,b). Underthesecircumstancesthereis nodriving
forcefor energymigrationandtheexcitationremainslocalized.
Except
�

for theshift dueto the Pc moiety (see10 in
�

Figure8),
thereis thereforenegligibledifferencebetweenthe spectraof
the parentcompound2c andthe dimers2a,b.

Experimental Section

General Details. All
Å

manipulationsinvolving air-sensitiveorga-
nometallic reagentswere carried out using techniquesas described
previously.� 56 1H and13C{1H} NMR spectrawererecordedonaBruker
AMX-400
Å

NMR spectrometeroperatingat 400.1 and 100.6 MHz,
respectively. UV � vis absorptionspectrawererecordedon a Perkin-
Elmer
D

Lambda19 spectrophotometerandphotoluminescencespectra
on a SpexFluorolog2 spectrometerin spectralgradehexane. High-
resolution� massspectrometrywasperformedby the NebraskaCenter
for
�

Mass Spectrometryat the University of Nebraska� Lincoln.
Elementalanalysiswereperformedby DesertAnalytics. Reagentswere
obtainedfrom Aldrich andusedasreceived. Pseudo-p� - andpseudo-
o-dibromo[2.2]paracyclophanewerepreparedandpurifiedasdescribed
previously.� 21 Flashchromatographicseparationswerecarriedoutusing
the BiotageFlash40 system.

Solutionsfor fluorescencemeasurementswerepreparedto specific
concentrationssuch that the maximum absorbancewas � 0.1. All
manipulationswere performedinside a nitrogen-filled gloveboxand
the� solutionswere introducedinto a quartzcuvetteequippedwith a
Teflon needlevalve to minimize contactwith oxygen. Fluorescence
was� measuredat right anglesusinga1-cmcuvette. Thequantumyield
is calculatedfrom the relation:

wherethe subscriptsstd andunk indicatethe standardandunknown
sample,A

�
(� ) correspondsto the absorbanceof the solution at the

exciting wavelength � , I(� ) is the intensity of the exciting beam

(assumedto beequalfor bothmeasurements),andD
�

is the integrated
luminescencespectrum.Stilbeneandanthracene57 areusedasstandards
in all quantumyield determinationexperiments.The detailsfor the
lifetime measurementshaveappearedpreviously.58

4-Vinyl[2.2]paracyclophane (5). A high-pressuresteel bomb
chargedwith 4-bromoparacyclophane(4.31g, 15.0mmol), Pd(OAc)2
(52 mg, 0.23 mmol), tri(o-tolyl)phosphine(282 mg, 0.93 mmol),
triethylamine(5 mL), andDMF (50mL) waspressurizedwith ethylene
(100psi) andventedthreetimesto purgethesystemof oxygen. The
vesselwas then pressurizedwith ethylene(100 psi) and sealedand
then heatedto 100 °C while stirring with a mechanicalstirrer for 2
days. Thereactionmixturewasthendilutedwith waterto precipitate
the crudeproduct,which was filtered off and rinsedwith additional
water. This materialwasdissolvedin chloroformandfiltered into a
clean flask to remove insoluble palladium impurities, then dried
(MgSO4). Purificationby flash chromatography(hexanes)yields 2.9
g (83%)of purewhitepowder. 1H NMR (CDCl3): 6.78(dd,J � 17.4,
10.9Hz, 1 H); 6.70(dd, J � 7.9,1.8 Hz, 1H); 6.53� 6.37(multiplets,
6H); 5.52 (dd, J � 17.4,1.4 Hz, 1 H); 5.27 (dd, J   10.9,1.4 Hz, 1
H); 3.46 (m, 1 H); 3.11¡ 2.91 (m, 6 H); 2.79 (m, 1 H). Calcd for
C18H

¢
18: C, 92.3;H, 7.7. Found: C, 92.02;H, 7.91.

4,16-Divinyl[2.2]paracyclophane (6a). A 50-mL round-bottom
flaskchargedwith aTeflon-coatedstir bar,4,16-dibromoparacyclophane
(366 mg, 1 mmol), Pd(OAc)2£ (10.5 mg, 0.047 mmol), tris(o-tolyl)-
phosphine(71 mg, 0.23 mmol), triethylamine(1 mL), and DMF (5
mL) wasplacedinto ahigh-pressuresteelbombcontaininga thin layer
(2 cm) of sand. (The sandwasusedto efficiently transferheatfrom
thewalls of thebombto theround-bottomflask.)Thevesselwasthen
pressurizedwith ethylene(100 psi) and vented three times. After
repressurizingwith ethylene(100psi), theapparatuswasheatedto 100
°C for 24 h, while the reactionmixture wasstirredusinga magnetic
stir plate. The bombwasthenventedandthe contentsof the round-
bottomflask werediluted with Et2£ O andfiltered to removecolorless
crystalsof NEt3Br. Thefiltrate waspurified by flashchromatography
(hexanes)to yield 235mg (90%)of clearcolorlesscrystals. 1H

¢
NMR

(CDCl3): 6.80(dd,J
¤ ¥

17.4,10.9Hz, 2 H); 6.64(dd,J
¤ ¦

7.7,
§

1.8Hz,
2 H); 6.54(d, J ¨ 1.8 Hz, 2 H); 6.31(d, J © 7.7 Hz, 2 H); 5.51(dd,
J ª 17.4,1.4 Hz, 2 H); 5.27 (dd, J « 10.9,1.4 Hz, 2 H); 3.45 (m, 2
H); 3.1¬ 2.9 (m, 4 H); 2.8 (m, 2 H). Calcd for C20H20: C, 92.3; H,
7.7. Found: C, 91.58;H, 7.82.

4,12-Divinyl[2.2]paracyclophane
­

(6b). A 50-mL round-bottom
flaskchargedwith aTeflon-coatedstir bar,4,16-dibromoparacyclophane
(500 mg, 1.37 mmol), Pd(OAc)2 (12 mg, 0.05 mmol), tris(o-tolyl)-
phosphine(81mg,0.27mmol), triethylamine(2 mL) andDMF (9 mL)
wasplacedinto a high-pressuresteelbombcontaininga thin (2 cm)
layerof sand. Theround-bottomflaskwasfitted with a rubberseptum
andventedwith a short18 gaugeneedle. The bombwasthensealed
andpressurizedwith ethylene(100psi) andventedthreetimes. After
repressurizingwith ethylene(100 psi), the vesselwas heatedto 100
°C for 23 h, while the reactionmixture wasstirredusinga magnetic
stirringplate. Thebombwasthenventedandthecontentsof theround-
bottomflask weredilutedwith waterto precipitatethecrudeproduct.
The solid was filtered off and rinsed with water, then dissolvedin
chloroform and filtered into a clean flask and dried (MgSO4).
Purificationby flash chromatography(hexanes)yields 346 mg (97%)
of white microcrystals. 1H NMR (CDCl3): 6.80(br s,2 H); 6.76(dd,
J ® 17.5,11.0Hz, 2 H); 6.49(br s, 4 H); 5.54(dd, J

¤ ¯
17.4,1.3 Hz,

2 H); 5.25 (dd, J
¤ °

11, 1.3 Hz, 2 H); 3.51 (m, 2 H); 3.13 (m, 2 H);
2.90± 2.73 (m, 6 H). 13C{1H} NMR (CDCl3): 139.6,137.5,137.2
(quat.), 134.9, 134.5, 131.9, 126.7, 114.0, 34.1, 33.9. Calcd for
C20H20: C, 92.3;H, 7.7. Found: C, 91.82;H, 7.88.

4-Styryl[2.2]paracyclophane (7). A 25-mLround-bottomflaskwas
chargedwith a Teflon-coatedstir bar, 4-bromoparacyclophane(212
mg, 0.74 mmol), Pd(OAc)2 (5 mg, 0.022 mmol), NBu4Cl (213 mg,
0.77mmol),K2CO3 (274mg,1.98mmol),styrene(0.2mL, 1.75mmol),
and DMF (8 mL). After fitting with a Kontes valve vacuumline
adapter,the flask was evacuatedand back-filled with nitrogenthree
times. The reactionmixturewasthenheatedat 100 °C for 23 h with

(56) Burger, B. J.; Bercaw, J. E. In Experimental Organometallic
Chemistry; Wayda,A. L., Darrensbourg,M. Y., Eds.;ACSSymp.Ser.357;
American
�

ChemicalSociety:Washington,DC, 1987.

(57)Eaton,D. F. Pure Appl. Chem. 1988, 60, 1107.
(58)Khan,M. I.; Renak,M. L.; Bazan,G. C.; Popovic,Z. J. Am. Chem.

Soc. 1997, 119, 5344.
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stirring. The cooledreactionmixture wasdiluted with Et2O (20 mL)
and extractedwith water (8 ¿ 5 mL). The organic layer was then
dried(MgSO4) andpurifiedby flashchromatography(hexanes)to yield
172mg (75%)of colorlesscrystals. A single-crystalX-ray diffraction
experimentwascarriedout on oneof these. 1H NMR (CDCl3): 7.58
(d, J À 7 Hz, 2 H, o-phenyl);7.41(t, J Á 7.4Hz, 2 H, mÂ -phenyl);7.30
(t, J Ã 7.3Hz, 1 H, p� -phenyl);7.20,6.90(AB spinsystem,J Ä 16 Hz,
1 H each,vinyl); 6.71(dd, J Å 7.8,1.8Hz, 1 H); 6.67(d, J

¤ Æ
1.4Hz,

1 H); 6.55Ç 6.43 (m, 5 H); 3.60 (m, 1 H); 3.17È 2.81 (m, 7 H). 13C-
{1H} NMR (CDCl3): 139.9,139.4,139.3,138.4,137.9,137.4(quat.),
135.0,133.0,131.8,131.75,130.2,129.8,129.2,128.8,127.5,126.9,
126.5, 35.5, 35.3, 34.9, 34.0. Calcd for C24H22: C, 92.9; H, 7.1.
Found:
É

C, 92.97;H, 6.99.
4,16-Distyryl[2.2]paracyclophane (1a). A

Å
100-mLround-bottom

flask waschargedwith a Teflon-coatedstir bar,4,16-dibromoparacy-
clophane(323 mg, 0.88 mmol), styrene(0.3 mL, 2.6 mmol), triethy-
lamine
Ê

(2 mL), andDMF (25 mL). Thereactionflask wasfitted with
a Kontes vacuum line adapterand evacuatedand back-filled with
nitrogenË threetimes. This was transferredinto an inert atmosphere
glovebox, where Pd(OAc)2 (4 mg, 0.018 mmol) and tris(o-tolyl)-
phosphine� (21 mg, 0.07 mmol) were addedto the flask. The flask
wasthenfitted with a septum(securedwith wire) andheatedto 100
°C for 2 dayswhile stirring. Thecooledreactionmixturewasdiluted
with� waterto afforda tanprecipitate,whichwasfilteredoff andrinsed
with water. Thesolidwasdissolvedin chloroform,filtered into aclean
flask,
�

anddried(MgSO4
Ì ). After filtering off theMgSO4

Ì , thechloroform
solution was reducedin volume and layeredwith hexanesto afford
171mg(47%)of colorlesscrystalsuponstandingovernight. 1H

¢
NMR

(CDCl3): 7.57(d, J Í 7.2
§

Hz, 2 H, o-phenyl);7.40(t, J Î 7.4
§

Hz, 2
H, m-phenyl);7.28(t, J Ï 7.4Hz, 1 H, p� -phenyl);7.21,6.87(AB spin
system,J Ð 16.1Hz, 1 H each,vinyl); 6.68Ñ 6.61(m, 2 H); 6.40 (d,
J Ò 7.7 Hz, 1 H); 3.59(m, 1 H); 3.11(m, 1 H); 3.03Ó 2.89(m, 2 H).
13C{1H

¢ } NMR (CDCl3): 139.5, 138.2, 137.9, 137.4 (quat.), 133.6,
130.2,129.5,129.3,128.7,127.5,127.0,126.5,34.5,33.3. HREI Calcd
for C32H28 Ô 412.2191. Found412.2187. Calcdfor C32H28: C, 93.2;
H,
¢

6.8. Found: C, 92.26;H, 6.59.
4,12-Distyryl[2.2]paracyclophane (1b). A

Å
50-mL round-bottom

flask waschargedwith a Teflon-coatedstir bar,4,12-dibromoparacy-
clophane (252 mg, 0.69 mmol), styrene (0.2 mL, 1.75 mmol),
triethylamine� (2 mL), andDMF (10mL). Thereactionflaskwasfitted
with a Kontesvacuumline adapterandevacuatedandback-filledwith
nitrogenË threetimes. This was transferredinto an inert atmosphere
glovebox,wherePd(OAc)2 (3 mg, 0.013mmol) andP(o-tol)3 (15 mg,
0.049mmol) wereaddedto the flask. The flask wasthenfitted with
a septum(securedwith wire) and heatedto 100 °C for 2 dayswith
stirring. The cooledreactionmixture wasfiltered throughCelite and
dilutedwith chloroform. Thesolutionwasextractedwith water(5 Õ
10 mL) andthendried (MgSO4). After removingthe volatilesunder
vacuum,Ö thecrudeproductwaspurified by flashchromatography(5:1
hexanes:chloroform)to afford130mg(46%)of colorlesscrystals.These
canberecrystallizedfrom warmpentaneto obtainX-ray quality single
crystals. 1H NMR (CDCl3): 7.46(d, J × 7.6Hz, 2 H, o-phenyl);7.38
(t, J Ø 7.9

§
Hz, 2 H, mÂ -phenyl);7.29 (t, J Ù 7.3

§
Hz, 1 H, p� -phenyl);

7.22,
§

6.87(AB spinsystem,J Ú 16.2Hz, 1 H each,vinyl); 6.93(d, JÛ 1.5 Hz, 1 H); 6.56 (d, secondorder,J Ü 7.8 Hz, 1 H); 6.52 (dd,
secondorder,J

¤ Ý
7.9,
§

1.5 Hz, 1 H); 3.64 (m, 1 H); 3.18 (m, 1 H);
2.97Þ 2.84 (m, 2 H). 13C{1H} NMR (CDCl3): 139.7,138.0,137.7,
136.8(quat),135.0,131.8,128.7,127.5,126.7,126.6,125.9,34.5,34.0.
Calcdfor C32H28

£ : C, 93.2;H, 6.8. Found: C, 93.13;H, 6.91.
2,5-Dimethylstilbene (1c). A 10-mLpear-shapedflaskwascharged

with aTeflon-coatedstir bar,2-bromo-p� -xylene(0.37mL, 1.49mmol),
styrene(0.37 mL, 3.22 mmol), and triethylamine(5 mL). The flask
wasfitted with a Kontesvacuumline adapterandevacuatedandthen
back-filled
ß

with nitrogen three times. The sealed assemblywas
transferred� into aninert atmosphereglovebox,wherePd(OAc)2 (6 mg,
0.027 mmol) and P(o-tol)3 (32 mg, 0.11 mmol) were addedto the
reaction� mixture. The flask wasfitted with a rubberseptum(secured
with wire) andthenheatedto 100°C with stirring for 12h. Thecooled
reaction� mixture wasdiluted with Et2£ O, andthe insolubletriethylam-
monium bromide was filtered off. The massof triethylammonium
bromide
ß

isolated(263 mg, 53%) and GC/MS analysisof the crude

reactionmixture indicatedthat only approximatelyhalf of the 2-bro-
moparaxylenestartingmaterialhad beenconsumed.Purification by
flashchromatography(3:1hexanes/chloroform)affords136mg(24%)
of white crystalsfollowing crystallizationin the freezerovernight.

Bis-4,16-(4-carboxaldehyde-styryl)[2.2]paracyclophane
à

(8). Work
á

was performedin an inert atmosphereglovebox. A 25-mL round-
bottomflask waschargedwith a Teflon-coatedstir bar,4,16-divinyl-
[2.2]paracyclophane(123mg,0.47mmol),4-bromobenzaldehyde(177
mg, 0.96 mmol), Pd(OAc)2 (3 mg, 0.013 mmol), NBu4Br (317 mg,
0.98mmol), K2CO3 (149 mg, 1.08mmol), anddimethylacetamide(6
mL). Theresultingreactionmixturewasheatedfor 2 dayswith stirring
at 105 °C. The crudeproductmixture was diluted with water and
filtered. A graysolid wascollectedandwashedwith two portions(15
mL) of chloroformandthentransferredto a100-mLErlenmeyerflask.
Thesolid waswarmedwith 50 mL of chloroformandfiltered hot.The
solid which remainedon the fritted funnel was extractedagainwith
hot chloroform and repeatedfor a total of three extractions. The
combinedfiltrate was reducedin volume on a rotary evaporatorto
obtain96mg(43%)of brightyellow crystals. 1H NMR (CDCl3): 10.00
(s, 1 H, CHO); 7.90, 7.70 (AA ′BB′ pattern,J â 8 Hz, 2 H each,
aromatic);7.37,6.92(AB pattern,J ã 16.0Hz, 1 H each,trans-alkene);
6.73(d, J ä 1.5Hz, 1 H, cyclophane);6.64(dd, J å 1.5,7.8Hz, 1 H,
cyclophane);6.43(d, J æ 7.7Hz, 1 H, cyclophane);3.61,3.15,3.05ç
2.92(m, 4 H total, CH2). Calcdfor C34H

¢
28O2: C, 87.15;H, 6.02;O,

6.83. Found: C, 87.07;H, 5.92;O, 6.75.

Bis-4,16-(4-vinyl-styryl)[2.2]paracyclophane (9). A THF solution
(10 mL) of the ylide reagent,CH2PPh3, waspreparedupondropwise
addition of LDA (2.0 M, 0.28 mL, 0.56 mmol) to a slurry of CH3-
PPh3Br

è
(203 mg, 0.57 mmol) at 0 °C. This solutionwasallowedto

stir for 1.5 h at 0 °C andwasthentransferredvia cannulato a second
THF slurry (10 mL) of bis-4,16-(4-carboxaldehyde-styryl)[2.2]-
paracyclophane(80 mg, 0.17 mmol). The mixture was gradually
warmedto ambienttemperatureand left to stir for 3 h upon which
time thereactionwasquenchedby addinganaqueousNH4

Ì Cl solution.
The THF solvent was removedusing a rotary evaporatorand then
chloroform was addedand extractedwith water (2 é 25 mL). The
organicphasewascollectedanddried (MgSO4) amdthenpurified by
columnchromatography(3:1hexanes:chloroform)to yield 35mg(42%)
of bright lemonyellow microcrystals. 1H NMR (CDCl3): 7.53,7.44
(AA ′BB

è ′ pattern,J ê 8.3 Hz, 2 H each,aromatic);7.21, 6.86 (AB
pattern,J ë 16.2Hz, 1 H each,trans-alkene);6.73(dd,J ì 10.9,17.6
Hz, 1 H, vinyl); 6.67(d, J

¤ í
1.6 Hz, 1 H, cyclophane);6.63(dd, J î

1.7,7.7 Hz, 1 H, cyclophane);6.40(d, J
¤ ï

7.7 Hz, 1 H, cyclophane);
5.78(dd, J ð 0.7,17.6Hz, 1 H, vinyl); 5.26(dd, J ñ 0.7,10.9Hz, 1
H, vinyl); 3.59,3.11,3.01,2.94 (m, 1 H each,CH2). 13C{1H} NMR
(CDCl3): 139.5,138.2,137.5,137.3,136.8(quaternary),136.4,133.6,
130.1,129.5,128.9,126.9,126.64,126.61,113.7(aromaticandvinyl),
34.5,33.4 (CH2). Calcd.for C36H32: C, 93.06;H, 6.94. Found: C,
92.95;H, 6.77.

pò -Vinylbenzylphosphonium Chloride. A toluene(50mL) solution
of p� -vinylbenzylchloride(90%,8.7g, 51.3mmol) andtriphenylphos-
phine(13.1g, 49.9mmol) washeatedwith stirring to 110°C for 12 h.
The resultingwhite crystallinesolid wasfiltered off andwashedwith
tolueneandthendriedundervacuum. Yield 12.6g (61%). 1H NMR
(CDCl3): 7.74(m, 9H, PPh3); 7.60(m, 6 H, PPh3); 7.12,7.04(AA ′BB′
pattern,J

¤ ó
8 Hz, 2 H each,aromatic);6.57 (dd, J

¤ ô
10.9 and17.4

Hz, 1 H, vinyl); 5.65(d, J õ 17.5Hz, 1 H, vinyl); 5.52(d, JPH ö 14.7
Hz, 2 H, benzylic);5.20 (d, J ÷ 10.8Hz, 1 H, vinyl).

trans-4,4′-tert-Butylvinylstilbene. To anEt2£ O suspension/solution
of p� -vinylbenzylphosphoniumchloride(3.99g, 9.6 mmol) and4-tert-
butylbenzaldehyde(1.7 mL, 10.1mmol) wasaddedLiOEt (1.0 M in
EtOH, 10 mL) dropwiseover 30 min. The resultinghomogeneous
solutionwasextractedwith waterandbrineandthendriedoverMgSO4.
The crudeproductmixture was purified by column chromatography
(hexanes).Theinitial fractionscontainingthecis isomerwerecombined
andheatedwith a small amountof I2 to catalyzethe isomerizationto
the desiredtrans isomer. The later fractions containingpure trans
isomerwerethencombinedwith theisomerizedfractionsto afford1.93
g (77%) of product. 1H NMR (CDCl3): 7.45,7.38(AA ′BB′ pattern,
4 H each,aromatic);7.09,7.03 (AB pattern,2H, J ø 16.4Hz); 6.70
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(dd, J
¤ ù

10.8,17.6Hz, 1H, vinyl); 5.74(dd, J
¤ ú

0.8, 17.6Hz, 1 H);
5.22 (dd, J û 0.8, 10.9Hz, 1 H, vinyl); 1.32 (s, 9 H, tert-butyl).

4-(4′-tert-Butylstyryl)styryl[2.2]paracyclophane (10). A 25-mL
round-bottomflask waschargedwith a Teflon-coatedstir bar,4-bro-
moparacyclophane(175 mg, 0.61 mmol), Pd(OAc)2£ (14 mg, 0.062
mmol), NBu4Cl (290 mg, 1.04mmol); K2CO3 (250 mg, 1.81mmol),
4,4′-tert-butylvinylstilbene(158 mg, 0.602mmol), andDMF (7 mL).
After
Å

fitting with a Kontesvalve vacuumline adapter,the flask was
evacuatedand back-filled with nitrogen three times. The reaction
mixture� wasthenheatedat 100°C for 1 daywith stirring. Thecooled
reaction� mixturewasdilutedwith CHCl3 (100mL) andextractedwith
water� (8 ü 20 mL). The organicphasewasthendried (MgSO4) and
purified� by flashchromatography(hexanes)to yield 149mg (53%)of
bright
ß

fluorescentyellow powder. 1H NMR (CDCl3): 7.55, 7.52
(secondorderAA ′BB′ pattern,� J

¤ ý
9 Hz, 4 H, 1,4-substitutedarene);

7.47,
§

7.39(AA ′BB
è ′ pattern,� J þ 8 Hz, 2 H each,1,4-substitutedarene);

7.19,
§

6.88 (AB pattern,J ÿ 16.2 Hz, 1 H each,trans-alkene);7.14,
7.08
§

(AB pattern,J
¤ �

16.4Hz, 1 H each,trans-alkene);6.69(dd, J
¤ �

1.8, 7.9 Hz, 1 H, paracyclophane);6.66 (d, J � 1.3 Hz, 1 H,
paracyclophane);� 6.56� 6.42 (overlappingmultiplets,5 H, paracyclo-
phane);� 3.59(m, 2 H, CH2); 3.19� 2.78(overlappingmultiplets,6 H,
CH2); 1.34(s,9 H, tert-butyl). 13C{1H} NMR (CDCl3): 150.9,139.9,
139.34,139.27,138.4,137.4,137.1,136.9,134.6(quaternary),135.0,
133.0,131.8,131.7,130.1,129.9,128.8,128.4,127.5,126.8,126.7,
126.3,125.7 (aromatic),35.5, 35.3, 34.9, 34.0 (CH2), 34.7 (CMe3),
31.3(CMe3). Calcdfor C36H36: C, 92.3;H, 7.7. Found: C, 91.82;H,
7.97.

4,16-Bis[4-(4′-tert
�

-butylstyryl)styryl][2.2]paracyclophane(2a). A
Å

25-mL round-bottomflask waschargedwith a Teflon-coatedstir bar,
4,16-dibromoparacyclophane
�

(108mg,0.295mmol),4,4′-tert-butylvi-
nylstilbeneË (154mg,0.59mmol),Pd(OAc)2£ (3 mg,0.013mmol), tris-
(o-tolyl)phosphine(16 mg, 0.053 mmol), triethylamine(1 mL), and
DMF
G

(5 mL). Theflask wasfitted with a Kontesvacuumline adapter
and then evacuatedand back-filled with nitrogen three times. The
sealedassemblywas then heatedto 100 °C with stirring for 2 days.
The
K

cooledreactionmixturewasdilutedwith waterto afford a yellow
precipitate,� which was filtered off and rinsedwith water. The solid
was� dissolvedin chloroform and filtered into a cleanflask and then
dried (MgSO4). Purification by flash chromatography(hexanes/
chloroform)yields82 mg (38%)of bright fluorescentyellow powder.
1H NMR (CDCl3): 7.56,7.53 (second-orderAA ′BB′, J � 8.8 Hz, 4
H,
¢

phenyl);7.47,7.39(AA ′BB′, J � 8.5 Hz, 4 H, phenyl);7.22,6.88
(AB spinsystem,J 	 16.0Hz, 2 H, vinyl); 7.14,7.09(AB spinsystem,
J
¤ 


16.2Hz, 2 H, vinyl); 6.69(d, J
¤ �

1.8Hz, 1 H); 6.65(dd,J � 7.7,
§

1.8 Hz, 1H); 6.41(d, J 
 7.7 Hz, 1 H); 3.61(m, 1H); 3.12(m, 1 H);
3.04� 2.88 (m, 2 H); 1.33 (s, 9 H). 13C{1H} NMR (CDCl3): 150.9,
139.5,138.2,137.4,137.1,136.9,134.6,133.6,130.1,129.5,128.9,
128.4,127.5,126.8,126.3,125.7,34.6,34.5,33.4,31.3. HREI Calcd
for
�

C56H
¢

56: 729.12. Found: 728.44. Calcd for C56H56: C, 92.2; H,
7.7.
§

Found: C, 92.06;H, 7.73.

4,12-Bis[4-(4′-tert-butylstyryl)styryl][2.2]paracyclophane (2b). A
Å

25-mL round-bottomflask waschargedwith a Teflon-coatedstir bar,
4,12-dibromoparacyclophane
�

(102 mg, 0.28 mmol), 4,4′-tert-butylvi-
nylstilbeneË (147 mg, 0.56 mmol), Pd(OAc)2 (3.3 mg, 0.015 mmol),
tris(
�

o-tolyl)phosphine(18mg,0.059mmol), triethylamine(1 mL), and
DMF
G

(5 mL). Theflask wasfitted with a Kontesvacuumline adapter
and then evacuatedand back-filled with nitrogen three times. The
sealedassemblywas then heatedto 100 °C with stirring for 2 days.
The
K

cooledreactionmixturewasdilutedwith waterto afford a yellow
precipitate,� which was filtered off and rinsedwith water. The solid
was� dissolvedin chloroform and filtered into a cleanflask and then
dried (MgSO4). Purification by flash chromatography(hexanes/
chloroform)yields65 mg (32%)of bright fluorescentyellow powder.
1H NMR (CDCl3): 7.53,7.45 (second-orderAA ′BB′, J � 8.3 Hz, 4
H,
¢

phenyl);7.49,7.39(second-orderAA ′BB
è ′, J

¤ �
8.4Hz,4 H, phenyl);

7.21,
§

6.87(AB spinsystem,J
¤ �

16.3Hz, 2 H, vinyl); 7.17,7.11(AB
spinsystem,J

¤ �
16.3,2 H, vinyl); 6.94(d, J

¤ �
1.4 Hz, 1 H); 6.54(d,

J
¤ �

7.8
§

Hz, 1 H); 6.50(dd, J � 7.8,1.4Hz, 1 H); 3.64(m, 1 H); 3.18
(m, 1 H); 2.96� 2.83(m, 2 H); 1.34(s,9 H, tert-butyl). 13C{1H

¢ } NMR
�

(CDCl3): 150.9,145.9,139.7,138.0,136.9,136.8,135.0,134.6,131.8,

128.4,128.3,127.6,126.9,126.8,126.6,126.3,125.7,34.7,34.5,34.1,
31.3. Calcdfor C56H

¢
56: C, 92.2;H, 7.7. Found: C, 91.42;H, 7.85.

4-(2,5-Dimethylstyryl)-4′-tert-butylstilbene (2c). A 25-mLround-
bottom flask chargedwith 4,4′-tert-butylvinylstilbene (0.1 g, 0.38
mmol), 2-bromo-p� -xylene (0.085 g, 0.46 mmol), Pd(OAc)2 (7 mg,
0.0031mmol), tris(o-tolyl)phosphine(12 mg, 0.0034mmol), triethy-
lamine (3 mL), and DMF (5 mL) was heatedto 120 °C for 2 days.
The crudereactionmixture waspouredinto waterandextractedwith
chloroform. Thevolatileswerestrippedundervacuum,andtheresidue
purified by flashchromatography(hexanes/chloroform)to give 82 mg
(60%) of product. 1H

¢
NMR (CDCl3): 7.50 (s, 4 H, aromatic);7.46,

7.38(AA ′BB′ pattern,J
¤ �

6.6 Hz, 2 H each,aromatic);7.42(br s, 1
H, aromatic);7.32,6.98 (AB pattern,J

¤ �
16.1 Hz, 1 H each,trans-

alkene);7.11,7.06(AB pattern,J
¤ �

16.3Hz, 1 H each,trans-alkene);
7.06(d, J � 8 Hz, 1 H, aromatic);6.99(br d, J

¤ �
8 Hz, 1 H, aromatic);

2.39, 2.35 (s, 3 H each,methyl); 1.33 (s, 9 H, tert-butyl). 13C{1H
¢ }

NMR (CDCl3): 150.8,136.9,136.8,136.1,135.5,134.6,132.8(quat),
130.4,129.3,128.36,128.35,127.5,126.8,126.7,126.4,126.2,125.9,
125.6,34.7,31.3,21.1,19.5.

X-ray Diffraction Structure Determination of 4b. Singlecrystals
of 2b (C16H14Br2

£ ; FW � 366.09)weregrown uponslow diffusion of
hexanesinto a concentratedCHCl3 solution. A colorlessfragmentof
approximatedimensions0.08 � 0.10 � 0.22mm3 wasseparatedfrom
a collectionof crystalsunderParatone-8277,mountedunderoil on a
glassfiber, andimmediatelyplacedin a cold nitrogenstreamat  80
°C on theX-ray diffractometer. TheX-ray intensitydatawerecollected
on a standardSiemensSMART CCD AreaDetectorSystemequipped
with a normal focus molybdenumtargetX-ray tube operatedat 2.0
kW (50kV, 40mA). A totalof 1321framesof data(1.3hemispheres)
werecollectedusinga narrowframemethodwith scanwidthsof 0.3°
in ! and exposuretimes of 10 s/frame using a detector-to-crystal
distanceof 5.094 cm (maximum 2" angle of 45°). The total data
collectiontime wasapproximately6 h. Frameswereintegratedwith
the SiemensSAINT programto yield a total of 4219 reflections,of
which 1768wereindependent(R

#
int
$ % 3.85%,R

#
sig & 5.61%)and1609

wereabove2' (I
L
). Theunit cell parameters(at ( 80°C) of a ) 12.2397-

(6) Å andc * 7.8363(5)Å werebasedupontheleast-squaresrefinement
of three-dimensionalcentroidsof 2618reflections. The spacegroup
wasassignedas P31 (Z + 3) on the basisof systematicabsencesby
usingtheXPREPprogram(Siemens,SHELXTL 5.04). Thestructure
wassolvedby usingdirect methodsandrefinedby full-matrix least-
squareson F

, 2. All non-hydrogenatomswererefinedanisotropically
with hydrogenatomsincluded in idealizedpositionsgiving a data/
parameterratio of approximately11:1. The structurerefined to a
goodnessof fit (GOF) of 1.002andfinal resultsof R

#
1 - 3.97%(I

L .
2/ (I

L
)), wR2

£ 0 8.54%(I
L 1

22 (I
L
)).

X-ray
3

Diffraction Structure Determination of 7. Singlecrystals
of 7

4
(C24H22 FW

É 5
310.42)were grown from hexanes.A colorless

fragmentof approximatedimensions0.38 6 0.28 7 0.26mm wascut
from a largeblock-shapedsinglecrystalunderParatone-8277,mounted
underoil on a glassfiber, andimmediatelyplacedin a cold nitrogen
streamat 8 80 °C on the X-ray diffractometer. The X-ray intensity
datawerecollectedonastandardSiemensSMART CCDAreaDetector
Systemequippedwith a normalfocusmolybdenum-targetX-ray tube
operatedat 2.0 kW (50 kV, 40 mA). A total of 1321framesof data
(1.3 hemispheres)werecollectedusinga narrow framemethodwith
scanwidths of 0.3° in 9 and exposuretimes of 60 s/frameusing a
detector-to-crystaldistanceof 5.094cm(maximum2: angleof 56.52°).
The
K

totaldatacollectiontimewas ; 24h. Frameswereintegratedwith
the
�

SiemensSAINT programto yield a total of 9529 reflections,of
which� 3782wereindependent(R

#
int < 2.64%,R

#
sig = 3.83%)and2727

wereabove2> (I
L
). Theunit cell parameters(at ? 80°C) of a @ 19.5096-

(6) Å, b A 11.2834(3)Å, and c B 7.7184(2)
§

Å, and C D 97.804(1)
were basedupon the least-squaresrefinementof three-dimensional
centroidsof 4256reflections. ThespacegroupwasassignedasP21/

E
c

(Z F 4) on the basisof systematicabsencesby using the XPREP
program(Siemens,SHELXTL 5.04). Thestructurewassolvedby using
directmethodsandrefinedby full-matrix least-squaresonF

, 2. All non-
hydrogenatoms were refined anisotropicallywith hydrogenatoms
included in idealized positions giving a data/parameterratio of

Stilbenoid
N
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approximately16:1. Thestructurerefinedto a goodnessof fit (GOF)
of 1.050andfinal resultsof R1 G 5.11%(I H 2I (I)), wR2

£ J 12.26%
(I

L K
2L (I

L
)).
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